ABSTRACT HALLUM, J. V. (University of Pittsburgh, Pittsburgh, Pa.), AND J. S. YOUNGNER. Urea and thermal mutants of poliovirus. J. Bacteriol. 91:2305Bacteriol. 91: -2308Bacteriol. 91: . 1966.-Thermally selected mutants of poliovirus which differed in sensitivity to heating at 50 C were inactivated with urea. With 3 M urea, urea resistance paralleled thermal resistance. In contrast, when urea-resistant mutants were selected from thermosensitive, urea-sensitive, wild-type poliovirus, the 50 C sensitivity of the selected mutants did not change. These findings indicate a lack of covariance of the urea and the 50 C-inactivation markers of poliovirus.
Mutants of poliovirus which differ in sensitivity to inactivation at 50 C have been reported previously (5, 6, 8, 9) . In a search for other inactivating agents which could distinguish these mutants, it was found that certain concentrations of urea had a differential inactivating effect on polioviruses with different thermal stabilities. Cooper (1, 2) reported in detail the effects of concentrated urea solutions on the polio virion, and he demonstrated that ability to grow at higher temperatures and resistance to urea are independent genetic characters. Since thermal resistance at 50 C has been shown to be a different genetic property than the ability to grow at elevated temperatures (5) , relationship of thermal resistance to urea resistance was investigated.
MATERIALS AND METHODS
Virus. The viruses used in these experiments were the wild-type, 50 C-sensitive (S), and the selected 50 C-resistant (R) type 1 poliovirus mutants described elsewhere (5, 6, 9) . Virus was assayed by plaque titration in primary monkey kidney cell cultures. Thermal inactivations. Virus was diluted 1:10 in 0.01 M phosphate-buffered saline, pH 7.2 (PBS), and 2-ml samples of this dilution in 5-ml sleeve-stoppered vials were completely immersed in a constantly stirred water bath controlled thermostatically to 40.5 C. At specified intervals, vials were removed from the water bath, chilled rapidly, and kept at 4 C until assayed. To pass survivors, 1.0-ml samples of heated virus were inoculated into 2-oz (60-ml) bottle cultures of primary monkey kidney cells maintained in a cystine-free medium containing Earle's balanced salt solution and glutamine (9) .
Urea inactivation. The virus sample was diluted 1:10 in a cold solution of urea in PBS. The concentrations of urea reported are those of the final virus-urea mixture; 2-ml amounts of the cold virus-urea mixture were distributed into 5-ml sleeve-stoppered vials, which were then immediately immersed in a constantly stirred water bath (37 C). Individual vials were removed at different times, and the contents were diluted immediately in cold PBS. When urea-treated virus was passed to monkey kidney cell cultures without dilution, the fluid first was dialyzed at 4 C overnight against two changes of 200 volumes of PBS to avoid the deleterious effect of concentrated urea on the cell cultures. REsuLTS
Thermal inactivation. Figure 1 presents typical 50 C-inactivation curves for the S and R mutants. Thermal inactivation of the S mutant gives rise to a two-component curve; inactivation of the R mutant approximates a single-component curve, with a slope approximately equal to that of the less-steep component of the S mutant. In the case of the wild type, the steeper initial slope is due to the inactivation of the S mutant, whereas the lesssteep component represents the inactivation of the small proportion of the R mutants present in the virus population. This interpretation is based on two observations: first, that the R mutant can be isolated by passing survivors at times corresponding to points on the less-steep component of the curve; second, that the slope of this second component is approximately equal to the slope observed during inactivation of the selected R mutant. Similar results have been reported previously (5, 8) .
Urea inactivation. The inactivation of the S and R mutants was studied by use of urea concentrations ranging from 1 to 7.2 M and a temperature of 37 C. The S and R mutants could be distinguished clearly only when inactivated in 3 M urea (Fig. 2, 3 ). At this concentration, the S mutant was urea-sensitive (U4) and the R mutant u:earesistant (U-). As can be seen in Fig. 2 (Fig. 3) , the mutants could not be differentiated because of the rapidity of the reaction.
In 4 murea ( Fig. 2) , both mutants displayedtwocomponent inactivation curves. In contrast, only the S mutant showed a two-component inactivation curve in 3 M urea; the R mutant displayed a one-component curve. As with thermal inactivation, the steeper component of the 3 M urea-inactivation curve represents the inactivation of the sensitive U4 mutant, and the second, less-steep component probably reflects the slower inactivation of the small proportion of resistant Umutants present in the SU4 virus population.
The inactivation of the thermal mutants in different concentrations of urea has certain similarities to thermal inactivation at different temperatures. At a high temperature (60 C), both S and R mutants are inactivated rapidly and are indistinguishable. At 40 C and below, both mutants are inactivated at the same slow rate, and cannot be differentiated (8) . In a narrow temperature range around 50 C, the inactivation rates of the S and R mutants differ markedly. The rather narrow critical range of effective temperature which could distinguish the mutants is analogous to the limited range of urea concentrations capable of differentiating the two viruses.
Selection of mutants from survivors of inactivations with urea and heat. The observation that the heat-resistant (R) virus also was urea-resistant (U-), whereas the heat-sensitive (S) mutant was urea-sensitive (U4), was confirmed with mutants selected from an additional type 1 poliovirus strain and a type 3 strain. Urea and thermal inactivation of the mutants selected from survivors of 50 C-inactivation showed the same patterns:
the S mutants were all U4 and the R mutants were all U-. In light of these observations, it was considered necessary to isolate mutants by urea selection to determine whether thermal resistance was selected for simultaneously.
The SU4 mutant was inactivated by urea as previously described. After 2 hr at 37 C in 3 M urea, the suspension was chilled, dialyzed against (Table 1) show that it was possible to select a mutant (SU-) which was resistant to urea without selecting for thermal resistance at the same time. As also shown in Table 1 , it was possible, by passing survivors of 50 C-inactivation of the SU-mutant, to select an RU-virus identical to that obtained from the wild type (SU4) by thermal selection alone. Thus, it must be concluded that 50 C-resistance and resistance to 3 M urea are independent genetic markers.
To provide further evidence for the independence of these genetic markers, 50 C-resistance was phenotypically conferred on SU+ mutants by propagating them in cell cultures maintained in growth medium with a high cystine concentration (7). A 10-4 dilution of the SU+ mutant was added to primary monkey kidney cell cultures grown and maintained in a medium containing 100 ,ug/ml of L-cystine. After 48 hr, the progeny were harvested, diluted to 10-4, and passed again in the same medium. After three such nonselective passages in a high concentration of cystine, the progeny were harvested and the culture fluids were dialyzed against PBS to remove the cystine. Urea and thermal inactivations were carried out in the usual manner. The results of this experiment (Table 2) show that heat resistance was conferred on the virus with very little effect on its sensitivity to urea. To prove that this heat resistance was phenotypic, that is, due to the growth of the virus in a high concentration of cystine, three nonselective passages in cystine-free medium were made with the phenotypically 50 C-stable mutant. The SU+ mutant was recovered after passage of the phenotypically 50 C-resistant virus in cystine-free medium. These results furnish * Obtained by three nonselective passages of the wild virus at 10-4 dilution in medium containing 100 ug/ml of L-cystine.
t Obtained by three nonselective passages of the "R" virus in cystine-free medium.
additional proof of the genotypic nature of both the thermal and the urea inactivation markers.
DIscussIoN
The lack of covariance exhibited by urea resistance and thermal resistance suggests that the original wild-type poliovirus designated as SU+ was actually a mixture of at least three mutants, SU+, SU", and RU-. Selection by thermal inactivation would select only for RU-; selection by urea inactivation would select for both SU-and RU-. Since the progeny of survivors of urea inactivation remained heat-sensitive and were genetically stable, as shown by nonselective passages, it must be concluded that these survivors had only a very small number of RU-mutants present. The proportion of SU-to RU-viruses would not be expected to change with further urea selections. For example, if the original mixture of mutants consisted of 5 X 107 plaque-forming units (PFU) /ml of SU+, 5 X 103 PFU/ml of SU-, and 5 PFU/ml of RU-, selection by urea inactivation would leave survivors whose progeny would be expected to contain only 0.1% heat-resistant mutants. These mixed progeny would be inactivated at 50 C with the apparent characteristics of the heat-sensitive mutant, and further thermal selection would eliminate the SU-mutant, leaving only RU-mutants. The existence of an RU4 mutant is possible but not proved; no mutant with this combination of markers was detected. It is important to note that the one-step growth curves of the SU4 and RU-viruses were not different, indicating that the results obtained were not due to differences in the rates of replication of the different mutants.
Cooper (2) reported a study of the effect of urea on poliovirus mutants adapted to growth at different temperatures. He found that strains which are increasingly tolerant to high growth temperatures are increasingly stable in 7.2 M urea. When urea-resistant mutants were obtained by selection of survivors of treatment with 7.2 M urea, only slight increases in the ability to grow at higher temperatures were noted. It was concluded that urea resistance and the ability to grow at higher temperatures were independent genetic characters.
The possible role of viral ribonucleic acid (RNA) in the stabilization of the virion was pointed out by Halpern, Eggers, and Tamm (3, 4) .
They reported that the hemagglutinating activity of the coreless echovirus 12 particles produced in host cells treated with 2-(a-hydroxybenzyl)-benzimidazole was less stable to heat than the hemagglutinating activity of the complete particle. This difference was cited as evidence that the viral RNA contributes to the stability of the icosahedral virus particle. Furthermore, there is evidence (6) that viral RNA from thermal mutants of poliovirus can differ markedly in thermal stability, and that there is a complex interaction between capsid and nucleic acid which affects viral stability to heat. In contrast, stability to urea may depend only on capsid structure.
